Abstract: Introduction: Friedreich's ataxia (FRDA) is the most common autosomal-recessive ataxia worldwide. It is characterized by early onset, sensory abnormalities, and slowly progressive ataxia. However, some individuals manifest the disease after the age of 25 years and are classified as late-onset FRDA (LOFA). Therefore, we propose a transversal multimodal MRI-based study to investigate which anatomical substrates are involved in classical (cFRDA) and LOFA. Methods: We enrolled 36 patients (13 with LOFA) and 29 healthy controls. All subjects underwent magnetic resonance imaging in a 3 T device; threedimensional high-resolution T1-weighted images and diffusion tensor images were used to assess gray and white matter, respectively. We used T1 multiatlas approach to assess deep gray matter and cortical thickness measures to evaluate cerebral cortex and DTI multiatlas approach to assess white matter. All analyses were corrected for multiple comparisons. Results: Group comparison showed that both groups presented gray matter atrophy mostly in the motor cortex. Regarding white matter, we found abnormalities in the cerebellar peduncles, pyramidal tracts, midbrain, pons, and medulla oblongata for both groups, but the microstructural abnormalities in the cFRDA group were more widespread. In addition, we found that the corticospinal tract presented more severe microstructural damage in the LOFA group. Finally, the midbrain volume of the cFRDA, but not of the LOFA group, correlated with 
INTRODUCTION
Friedreich's ataxia (FRDA) is the most common autosomal-recessive ataxia worldwide, with prevalence ranging from 1 to 3 for each 100,000 people (Abrahão et al., 2015; Bhidayasiri et al., 2005; Campuzano et al., 1996) . It is characterized by early onset, slowly progressive ataxia, and deep sensory abnormalities. In 1996, the genetic basis of FRDA was described: homozygous GAA expansions in the first intron of the FXN gene (Campuzano et al., 1996) . This mutation reduces the expression of the protein Frataxin, leading to mitochondrial dysfunction and neurodegeneration (Pandolfo, 2008) . The disease typically begins in late childhood or adolescence (classical FRDA, cFRDA), but there is a subgroup of patients with FRDA that manifest the disease symptoms after the age of 25 years. The latter group is known as late-onset Friedreich's Ataxia (LOFA) (de Michele et al., 1994) . LOFA patients are characterized by slower disease progression, milder nonneurological symptoms, smaller GAA expansions, spasticity, and sustained reflexes (Bhidayasiri et al., 2005) .
Neurodegeneration in FRDA extends to the central and peripheral nervous system. Previous MRI-based studies showed gray matter (GM) and white matter (WM) atrophy in portions of the cerebellum, brainstem, and cerebellar peduncles (Della Nave et al., 2011; Pagani et al., 2010) . Gray matter supratentorial damage has been described in some studies as well, mainly in the precentral gyri (França et al., 2009; Rezende et al., 2016) . Furthermore, Bonilha da Silva et al. (2014) described progressive alterations in the T2 relaxometry of dentate nuclei and Rezende et al. (2016) showed progressive abnormalities at the corpus callosum, pyramidal tracts, and superior cerebellar peduncles in a short follow-up of 1 year. Despite that, none of these studies compared specifically classical FRDA (cFRDA) with LOFA patients or, in general, compared LOFA patients with healthy controls. Therefore, it is not clear whether these conditions have different patterns of structural damage, or how the CNS damage correlates with clinical parameters in LOFA.
The characterization of different phenotypes of a given disease (FRDA) is potentially helpful on revealing underpinning pathology, and, in the long term, may be of practical importance for prognosis prediction and design of treatments. In this study, we investigated which anatomical substrates are selectively involved in cFRDA and LOFA, and possible associations of these features with clinical parameters. By using multimodal MRI, whole-brain segmentation, and techniques able to evaluate both GM and WM, we performed a comprehensive, holistic, and unbiased study of the brain anatomy in FRDA using atlas-based analysis (ABA) (Faria et al., 2010) . This is a technique used to automatically segment the entire brain into anatomical structures, allowing multimodal analyses within the same anatomical framework. For instance, for a given anatomical structure, it gives measures from T1-and T2-weighted images, Diffusion Tensor Imaging, and Susceptibility Weighted Images (Djamanakova et al., 2014; Faria et al., 2015; Lim et al., 2013; Miller et al., 2013) . Still, anatomical heterogeneity can insert errors into the registration between each patient brain and the atlas. These errors may be ameliorated by using highly accurate image mapping, such as Large Deformation Diffeomorphic Metric Mapping (LDDMM), and multiple atlases with heterogeneous features, so some of the atlases are anatomically closer to the patient , providing accurate and reliable measures. Figure 1 is the flowchart that describes the sequential experimental steps performed in this study.
MATERIALS Study Design

Participants
This study was approved by our institution research ethics committee and a written informed consent was obtained from all participants. Thirty-two patients with molecular confirmation of FRDA (23 cFRDA and 13 LOFAs) and 29 healthy controls (mean age 5 27.1 6 10.3 years; 10 males) were enrolled to this study. All patients are regularly followed at the neurogenetics outpatient clinics at the University of Campinas (UNICAMP) and the Federal University of São Paulo (UNIFESP) hospitals between 2009 and 2016. Clinical (age at disease onset, duration of disease, and clinical subtype) and genetic data (length of expanded repeat in both shorter, GAA1, and longer, GAA2 alleles) were recorded (Table I) . Severity of ataxia was quantified using the Friedreich's Ataxia Rating Scale (FARS) (Subramony et al., 2005) (Table I) . Patients with concomitant neurological disorders, unable to perform MRI scans and those with significant motion artifacts on images were excluded. 
Image Acquisition
All subjects were submitted to a high-resolution MRI on a 3 T Phillips Achieva Scanner. Routine T2-weighted sequences were performed for all subjects to exclude unrelated abnormalities (e.g., white matter disease, minor stroke). A board-certified neuroradiologist (FC) carefully reviewed the images that were all acquired using a standard eightchannel head coil.
For FreeSurfer and T1 Multi-Atlas analyses, we used highresolution T1 volumetric images of the brain with sagittal orientation, voxel matrix 240 3 240 3 180, voxel size 1 3 1 3 1 mm 3 , TR/TE 7/3.201 ms, and flip angle of 88. For DTI multiatlas analyses, we used a spin echo DTI sequence: 2 3 2 3 2 mm 3 acquiring voxel size, interpolated to 1 3 1 3 2 mm 3 ; reconstructed matrix 256 3 256; 70 slices; TE/TR 61/8500 ms; flip angle 908; 32 gradient directions; no averages; max b-factor 5 1000 s/mm 2 ; 6 min scan.
Image Processing
Gray matter analysis T1 multiatlas. The images were processed using "MRICloud" (MRICloud.org), a public web-based service for multicontrast imaging segmentation and quantification. The image processing involves orientation correction (sagittal to axial), to match the atlas orientation, homogeneity correction by the N4 algorithm (Tustison et al., 2010) , and two-level brain segmentation: first, skull-stripping (Tang et al., 2015) , then whole brain segmentation. In addition to linear and nonlinear algorithms for brain co-registration, the LDDMM algorithm (Miller et al., 2005 ) is also used. To identify the brain regions, a multiatlas labeling fusion (MALF) algorithm was employed (Tang et al., 2015) , followed by a last step of labeling adjusting with PICSL (https://masi.vuse.vanderbilt.edu/workshop2013/images/ 1/1b/SATA_2013_Proceedings.pdf). Forty-five atlases (JHU adult atlas version 7A) were used to generate 289 structural definitions in a five-level ontological hierarchical relationship (Djamanakova et al., 2014; Wu et al., 2016) . We chose to use the third level segmentation, which basically defines the lobes, because it showed the highest correlation with human evaluation in previous studies (Faria et al., 2015) . All analyses were performed in native space. The computations were done on the Gordon cluster of XSEDE (Towns et al., 2014) .
Cortical thickness. Cortical thickness was determined using FreeSurfer software v.5.3. The choice of this measure for assessing cortical damage was due to the fact that this parameter is more sensitive to cortical variations than area and volume (Hutton et al., 2009 ). Measurements were performed according to the protocol suggested by Fischl and Dale (2000) . Images were corrected for magnetic field inhomogeneity, aligned to the Talairach and Tournoux atlas (Talairach and Tournoux, 1988) , and skull-stripped. Next, voxels were labeled as gray matter (GM), white matter (WM), or cerebral spinal fluid (CSF). From these, using triangle meshes, two surfaces were created: the white surface, which is the interface between GM and WM, and the pial surface (Fischl and Dale, 2000) . Cortical thickness was calculated as the shortest distance between the pial and white surface at each vertex across the cortical mantle. For all analyses, a Gaussian filter with 10 mm FWHM was used for smoothing the surface. Furthermore, estimated total intracranial volume (eTIV) (Buckner et al., 2004) and the volume for subcortical regions (Fischl et al., 2002) were calculated.
White matter analysis DTI multiatlas. Raw DTI-weighted images were coregistered and corrected for eddy currents (Zhuang et al., 2006) and subject motion using a 12-parameter affine transform (Woods et al., 1998) . The DTI-parameters were calculated using a multivariate linear fitting and skull-stripped using the b 5 0 image, by intensity threshold, a tool of RoiEditor software (Li, X.; Jiang, H.; Yue, Li.; and Mori, S.; Johns Hopkins University, www.MriStudio.org or www.kennedykrieger.org). This preprocessing was performed using DTIStudio software (H. Jiang and S. Mori, Johns Hopkins University, Kennedy Krieger Institute) (Jiang et al., 2006) . After that, a nonlinear registration using a multicontrast LDDMM was performed and, then, the parcellation, which employs a DLFA algorithm . Eight atlases (JHU adult atlas version 1) were used to generate 168 structures. All analyses are performed in native space. The computations were processed on the Gordon cluster of XSEDE (Towns et al., 2014) .
Statistical analysis
We removed age, gender, and eTIV effects using a linear regression and, then, the Kruskal-Wallis test was initially employed to assess group differences. This test was chosen because most MRI-derived parameters of the cFRDA and LOFA groups did not follow a normal distribution according to the Kolmogorov-Smirnov test. In order to correct for multiple comparisons, we employed the Dunn-Sidak test with level of significance adjusted to 0.05. We then used a post-hoc Mann-Whitney test for each pairwise group combination (control vs FRDA, control vs LOFA, FRDA vs LOFA) to identify where these group differences are. For these post-hoc analyses, we also employed the Dunn-Sidak correction for multiple comparisons. After we identified these differences, we performed the principal component analysis (PCA) to evaluate qualitatively the separation between patients and controls. To accomplish that, we employed a z-score transformation to put all measures into the same scale and evaluated all parameters together (just those with group differences) (Figure 1) .
PCA is an exploratory method to analyze, mainly, a large pool of data, reducing its dimensionality (Jolliffe, 1986) . It means that there is some level of redundancy among the variables. In this sense, some variables might be correlated with one another, possibly because they are measuring the same thing. Then, PCA reduces the number of observed variables into a smaller number of uncorrelated principal components that will account for most of the variance in the observed variables. However, one of the most important uses of PCA is to find relationships between objects, that is, finding classes or, more specifically, clinical subtypes of a disease (Faria et al., 2015) . The general linear model was performed to assess possible correlations between imaging measures and clinical data (disease duration and disease severity). In all regressions, we used age and gender as covariates. To adjust for multiple comparisons, we employed the FDR correction (level of significance, a 5 0.05).
RESULTS
Gray Matter Analysis
T1 multiatlas
T1 multiatlas showed volumetric reduction at the midbrain (including the red nuclei and substantia nigra), medulla oblongata (Mann-Whitney, P < 0.001), pons (P < 0.001), and thalami (right: P < 0.001; left: P < 0.001) in patients with cFRDA when compared to controls (Figure 2) . The LOFA patients, in comparison with healthy controls, showed volumetric reductions on the same structures found in the cFRDA group, except by the pons that did not show significant difference when compared to controls (Figure 2 ). 
Cortical thickness
We observed cortical thinning in the motor cortex, particularly in the left precentral gyrus and left subcentral gyrus and sulcus, for cFRDA and LOFA groups when compared to controls (Table II) . Furthermore, we did not find any significant difference between cFRDA and LOFA groups (Table II) .
White Matter Analysis
DTI multiatlas
Axial diffusivity. We only found WM abnormalities in the insular cortex (P < 0.001) to the cFRDA group when compared to control group. However, to make clear the interpretation of this result, we are just considering the WM beneath the GM in the insular cortex.
Fractional anisotropy. In the cFRDA group, when compared to the control group, we identified widespread FA Figure 2 . Results of ROI-based analyses using T1 multiatlas approach to assess deep GM. The cFRDA and LOFA patients were compared to healthy controls. All results were corrected for multiple comparisons, using Dunn-Sidak test, and the measures were linearly regressed to age, gender, and total intracranial volume. [Color figure can be viewed at wileyonlinelibrary.com] Results corrected for multiple comparison (Dunn-Sidak) and linearly regressed to age and gender.
r Neuroimaging Findings in cFRDA and LOFA r r 4161 r decrease in several brain regions, particularly those related to motor control. These abnormalities include damage in afferent areas of cerebellum, mostly at superior and inferior cerebellar peduncles in both hemispheres (both P < 0.001), medulla (P < 0.001), midbrain (P < 0.001), and pyramidal tracts (P < 0.001). We also found decreased FA in bilateral splenium and body of corpus callosum (both P < 0.001) and the ramifications of the thalamus (P < 0.001) (Figure 3 ). In the LOFA group, we found FA decrease, when compared with control group, at similar structures to those found altered in cFRDA group. However, we did not observe WM abnormalities in bilateral splenium and body of corpus callosum, cerebral peduncles, and corticospinal tract (Figure 3 ). In addition, we found significantly decreased FA in the cFRDA group when compared to the LOFA group at the left corticospinal tract (P 5 0.004), bilateral splenium of corpus callosum (right: P 5 0.002; left: P 5 0.007), cerebral peduncles (right: P 5 0.004, left: P 5 0.004), right inferior cerebellar peduncle (P 5 0.011), left posterior thalamic radiation (P 5 0.015), and the WM beneath postcentral (P 5 0.002) and precentral gyri (P < 0.001) (Figure 4 ).
Mean diffusivity. In the cFRDA group, when compared to the control group, the mean diffusivity (MD) was increased at superior (right: P < 0.001; left: P < 0.001) and inferior (right: P < 0.001; left: P < 0.001) cerebellar peduncles, left middle cerebellar peduncle (P <0.001), cerebral peduncles (right: P < 0.001; left: P < 0.001), medial lemnisci (right: P < 0.001; left: P < 0.001), left corticospinal tract (P < 0.001), midbrain (P < 0.001) and medulla (P < 0.001). The cFRDA patients also presented with increased MD in the right splenium of corpus callosum (P < 0.001) and bilateral hippocampi (right: P < 0.001; left: P 5 0.001) (Figure 3 ). In contrast, the LOFA group showed increased MD only at superior cerebellar peduncles (right: P < 0.001; left: P < 0.001), left (Figure 3) . Now, comparing cFRDA and LOFA groups, we found significant between-group MD differences at midbrain (P 5 0.005), hippocampi (right: P < 0.001; left: P < 0.001), medulla oblongata (P 5 0.001), left medial lemniscus (P 5 0.004), left superior (P 5 0.008) and middle (P < 0.001) cerebellar peduncle, cerebral peduncles (right: P < 0.001; left: P < 0.001), right splenium of corpus callosum (P < 0.001), and left corticospinal tract (P 5 0.001) ( Figure  4 ). In addition, evaluating the median MD for each one of these structures, we found that values were all higher in the cFRDA group. The only remarkable exception was the left corticospinal tract that presented higher MD value in the LOFA group ( Figure 5 ).
Radial diffusivity. By comparing cFRDA group with control group, we found widespread increased RD in regions associated with motor control, such as pyramidal tracts (right: P < 0.001; left: P < 0.001), inferior (P < 0.001) and superior (right: P < 0.001; left: P < 0.001) cerebellar peduncle, medial lemnisci (right: P < 0.001; left: P < 0.001) and ramifications, medulla (P < 0.001) and midbrain (P < 0.001) (Figure 3 ). We also found increased RD in hippocampi (P < 0.001), splenium of corpus callosum (right: P < 0.001; left: P < 0.001), and cerebellum (P < 0.001). The LOFA group showed increased RD at left inferior cerebellar peduncle (P < 0.001), the superior cerebellar peduncles (right: P < 0.001; left: P < 0.001), left hippocampus (P 5 0.012), left medial lemniscus (P 5 0.007), medulla oblongata (P 5 0.001), and right fornix (P 5 0.001) in contrast to matched controls ( Figure 3) .
We also found increased RD, in cFRDA group, at the left inferior cerebellar peduncle (P 5 0.017), left middle cerebellar peduncle (P < 0.001), cerebral peduncles (right: P < 0.001; left: P < 0.001), both hippocampi (right: P < 0.001; left: Structural differences between cFRDA and LOFA patients. The yellow-red scale shows structures more severely altered in the LOFA group. All results were corrected for multiple comparisons using the Dunn-Sidak test. The effects of age and gender were regressed in the model. [Color figure can be viewed at wileyonlinelibrary.com] P < 0.001), medulla oblongata (P 5 0.002), bilateral fornix (right: P 5 0.012; left: P < 0.001), and bilateral splenium of corpus callosum (right: P < 0.001; left: P < 0.001) when compared to LOFA group (Figure 4) . In contrast, the LOFA group showed higher RD values at the bilateral corticospinal tract (right: P 5 0.001; left: P < 0.001) compared to the cFRDA group ( Figure 5 ).
Multimodality Analysis
Merging information from all approaches employed in this study (T1 multiatlas, DTI multiatlas, and cortical thickness), we found a clear tendency of segregation between cFRDA and healthy controls (Figure 6 ). In contrast, the LOFA group is placed in a region between cFRDA patients and the control group with a smooth tendency to remain close (Figure 6 ).
Correlation Analyses
In the cFRDA group, volumetric reduction at midbrain and pons correlated with disease duration (midbrain: R 5 20.553, P 5 0.016; pons: R 5 20.569, P 5 0.016) and disease severity (midbrain: R 5 20.784, P < 0.001; pons: R 5 20.683, P < 0.001), respectively. In addition, disease duration also correlated with volumetric reduction at thalami (left: R 5 20.603, P 5 0.003; right: R 5 20.548, P 5 0.007) and medulla oblongata (R 5 20.693, P < 0.001). In contrast, we did not find any significant correlation for the LOFA group. We did not find significant correlation between clinical and DTI parameters. All results were corrected for multiple comparisons using FDR test.
DISCUSSION
This study is devoted to investigate cerebral damage in patients with cFRDA and LOFA using a multimodal MRIbased analysis. We found GM atrophy in both groups at the left precentral gyrus, left subcentral gyrus, and sulcus and the thalami. White matter damage in cFRDA group was much more widespread than in the LOFA group, but the superior and inferior cerebellar peduncles, pyramidal tracts, midbrain, pons, and medulla oblongata were compromised in both groups. These results are in line with previous pathological reports that showed the reduction of giant Betz cells in the layer V of primary motor cortex, degeneration of cerebellar peduncles, and the reduction of spinal cord area in FRDA (Klawiter et al., 2011; Koeppen et al., 2011) .
Our results for cFRDA corroborate previous MRI reports ( Akhlaghi et al., 2014; Bonilha da Silva et al., 2014; Della Nave et al., 2011; França et al., 2009; Pagani et al., 2010; Rezende et al., 2016; Silva et al., 2012; Zalesky et al., 2014) . Major targets of neurodegeneration were the corticospinal tracts and cerebellar connections, structures that help to explain the cardinal motor features of the disease (ataxia 1 pyramidal signs). In addition, the white matter abnormalities in the corpus callosum, hippocampi, fornix, pathways linking the cerebellum to thalamus and the prefrontal cortices may also explain the subtle, but increasingly recognized cognitive deficits in the disease, such as impairment of visuospatial and executive domains (Nieto et al., 2013) . We were also able to show that limbic connections are involved as well, areas that are tightly related to mood disorders.
Overall, the pattern of damage in the LOFA group was similar to the cFRDA group. The key targets of neurodegeneration were the cerebellar peduncles, fornix, thalami, pyramidal tracts, and motor cortex in LOFA. Interestingly, these results might help to explain the mild cognitive impairment (executive dysfunction) described by Nieto et al. (2013) in these patients. We have indeed found abnormal imaging results in regions known to be associated to specific cognitive functions, such as the posterior part of the corpus callosum and parieto-occipital association areas, which is in line with the results described by Nieto et al. (2013) . The milder signs of neurological damage in LOFA patients are also in line with their genetic background, as shorter GAA repeats result in less severe under expression of functional frataxin (Koeppen et al., 2011) .
Corticospinal tracts were found to be altered in both groups. However, diffusivity parameters (MD and RD) pointed to more severe microstructural damage in the LOFA group. A clinical correlate of this MRI feature are the pyramidal signs (spasticity, hyperreflexia, and Babinski sign), which were much more frequent and severe in our LOFA group as described by Martinez et al. (2017) . In terms of disease pathophysiology, this result looks counterintuitive at first, but we believe that it sheds some light in the basis of Frataxin-related neuronal loss. It seems that low frataxin levels determine a selective neuronal damage depending on both the magnitude of deficiency and the duration of such deficiency. Patients with FRDA are under the effects of low frataxin expression since their conception. So, the exposure to the low levels of frataxin is longer in the LOFA group as they are older than the cFRDA group. In this sense, we hypothesize that corticospinal tracts are more resistant to the deleterious effects of frataxin loss in the short term, and therefore damage would only appear late in the disease course, what characterize a survivor effect as the LOFA patients experiment, on average, longer life span than cFRDA patients (Koeppen et al, 2011; Martinez et al., 2017 ). An alternative explanation would be that small and large (GAA) expansions lead to neurodegeneration through distinct biochemical mechanisms. Some specific tracts, such as the corticospinal tracts might be preferentially affected in a scenario of small (GAA) expansions, which are typical for LOFA. Previous reports indeed indicate that neuropathological signature at the cellular level in cFRDA and LOFA is slightly different (Koeppen et al, 2011) . Further experimental studies are needed to address this question.
We did not find any correlation between clinical data and DTI parameters or cortical thickness data. This lack of correlation with cortical thickness measures was also observed in a previous study from our group (Rezende et al., 2016) . At least two possibilities might help to explain this finding. There was reduced cortical thickness in FRDA only around primary motor cortices, but the clinical severity scale employed (FARS) is actually a measure of ataxia and some pyramidal signs, but not spasticity that is an important pyramidal sign found in our group of LOFA patients. Perhaps, if we look at clinical scales that truly quantify upper motor neuron damage or specifically spasticity per se, then such correlations might appear. Another hypothesis is a possible floor effect, because mean disease duration was around 13 years for each group. Regarding DTI data, we believe that ROI-based analysis might have been an important factor for not finding clinical correlations. The computed DTI measures were indeed a mean value for each label (structures), and this might have diluted effects that were found only in part of the label (Rezende et al, 2016) .
There was no significant correlation between clinical and neuroimaging parameters (of those regions found atrophic) for the LOFA group. This is in striking contrast to the r Neuroimaging Findings in cFRDA and LOFA r r 4165 r cFRDA group, where we found significant correlations, such as the midbrain volume with both disease duration and severity. One must take into account, however, that we enrolled a small cohort of LOFA subjects and therefore, the lack of correlation might be simply due to reduced statistical power. Another possible reason is that clinicalneuroimaging correlation truly behaves in different ways for LOFA and cFRDA. This is an important finding if we consider that neuroimaging markers are emerging as potential surrogate outcome measures for drug tests. For heredodegenerative diseases, our results indicate that any potential MRI-based metric must be validated across the whole phenotypic spectrum, before attempting to use it in clinical trials. Again, longitudinal studies with long followup periods would be extremely helpful.
In conclusion, cFRDA and LOFA have similar, but not identical neuroimaging signatures. Although subtle, the structural differences might help to explain the phenotypic variability seen in both conditions. The corticospinal tracts are damaged in both conditions, but more severely in the LOFA group. These results provide meaningful insights into disease biology and also add relevant information on the use of neuroimaging metrics as biomarkers for FRDA. The multiatlas approach proved to be a useful tool to identify biomarkers in FRDA, which might help upcoming clinical trials.
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